The differential display (DD) technique, which is widely used almost exclusively for eukaryotic gene discovery, was optimized to detect differential mRNA transcription from both pure-culture and soil-derived bacterial RNA. A model system which included toluene induction of todC1 in Pseudomonas putida F1 was used to optimize the procedure. At 24-h tod induction was determined to be approximately 8 ؋ 10 7 transcripts/g or 0.08% of the total mRNA. The primer concentration, primer length, annealing temperature, and template, deoxynucleoside triphosphate, and MgCl 2 concentrations were varied to optimize amplification of a todC1 fragment. The limit of detection of todC1 by DD was found to be 0.015 ng of total RNA template or approximately 10 3 transcripts. Once optimized, a todC1C2 gene fragment from P. putida F1 RNA was detected by using an arbitrary primer for the reverse transcriptase step in conjunction with the same arbitrary primer and a Shine-Dalgarno primer in the PCR. To verify the results, an arbitrary primer was used to detect recovery of a new salicylate-inducible naphthalene dioxygenase in Burkholderia cepacia JS150. The method was then used to detect mRNA induction in both inoculated and uninoculated toluene-induced soil microcosms. Several putative differentially expressed partial gene sequences obtained from the uninoculated microcosms were examined, and one novel fragment was found to be differentially expressed.
The methods used for isolation and quantification of mRNA in environmental samples are designed to specifically measure in situ gene expression and activity. Direct extraction of mRNA from soils (24) and quantification of mRNA by an RNase protection assay (11) have been performed for naphthalene dioxygenase in soils and for soluble methane monooxygenase in aquifer sediments (27) . Reverse transcriptase (RT) PCR amplification of mRNA for soluble methane monooxygenase in activated sludge (25) and for lignin peroxidase in soils (6) has also been performed. These methods of mRNA analysis are a natural complement to DNA extraction and hybridization or PCR analysis for detecting sequences of catabolic genes or for determining ribosomal DNA concentrations in natural samples (12) . However, the previously described mRNA analytical methods are limited by their need for a priori information on gene sequences in order to design specific probes or primers for mRNA measurement.
The differential display (DD) technique and the closely related RNA arbitrarily primed PCR (RAP-PCR) method have been used to detect and isolate differentially expressed genes under induced and uninduced conditions in both eukaryotes and prokaryotes (10, 18, 20, 32) . The DD procedure, in which a poly(T) primer is used for the RT reaction and an additional arbitrary primer is used for the PCR, has been used exclusively in eukaryotic expression studies. The RAP-PCR method differs from the DD technique in that arbitrary primers are used for both the RT and PCR steps, and the RAP-PCR method has been used for both eukaryotic and prokaryotic studies. In the procedure described here an arbitrary primer is used for the RT reaction, and the same arbitrary primer is used in conjunction with a Shine-Dalgarno (SD) primer for the PCR.
The objectives of this investigation were (i) to optimize and define reproducible conditions for using the DD technique to recover novel mRNAs from bacteria and (ii) to explore the use of DD for recovering cryptic or unknown RNA sequences transcribed under in situ conditions in soil. While DD has very recently been applied to environmentally related research, the focus has been limited to eukaryotes. This technique has been used to discover genes induced in a white rot fungus by pentachlorophenol (16) and in rat Sertoli cells by cadmium acetate and polychlorinated biphenyls (30) . In this regard, the DD technique potentially could be used to identify known or cryptic microbial genes that are differentially expressed under altered field conditions, such as chemical exposure, oxidative stress, extreme pH, anaerobiosis, heat shock, and starvation.
tod30s (AGACGGTCATGTGCTCGACCACTAGTTTCG) (sense) amplify a 940-bp fragment from P. putida F1 (34) . The following arbitrary 10-base primers were obtained from a commercial arbitrary primer set (Genosys Biotechnologies, The Woodlands, Tex.): 60.1 (CGCAGTACTC), 60.2 (GTCCTACTCG), 60.3 (CGAAGCGATC), 60.4 (GTCCTTAGCG), 60.5 (GTCCTCAACG), 60.8 (GT CCTCAGTG), 70.3 (ACGGTGCCTG), 80.3 (CCATGGCGCC), and 80.7 (GC ACGCCGGA). SD primer SD14 (GGGGAACGACGATG) was derived from a comparison of several bacterial mRNA start sites (21) . The sequences of the nah-specific primers used were as follows: nahA3.1, CCTTAGCGCGTAACTA CCCC; and nahA4.0, GGTCCAGACCTTGGTGGTG (26) . These two primers flank bases 2262 to 3291 of the NAH7 plasmid, which allows amplification of a 1,030-bp fragment. RNA extraction from a pure culture. RNA was extracted by the following two methods: RNeasy columns (Qiagen, Chatsworth, Calif.) and a modified hotphenol procedure (11) . Small-scale extraction of RNA with RNeasy columns was the preferable method for RNA fingerprinting. Large-scale extraction of RNA by the hot-phenol method was the method used for RNA slot blots. The procedures used for RNA extraction with RNeasy columns were the procedures recommended by the manufacturer.
RNA integrity determination. RNA integrity was verified with Northern gels (23) . RNA was judged to be intact if the 16S and 23S rRNA subunits produced visually well-defined bands after electrophoresis.
Soil microcosms. Soil aquifer samples were obtained from bore hole samples obtained at Columbus Air Force Base, Columbus, Miss., that had been stored at 4°C for 1 year. The soils were well-characterized chemically and microbiologically as part of a natural attenuation study performed at the Columbus Air Force Base groundwater test facility (28) . In initial experiments, flasks containing 10 g of soil in 20 ml of water were inoculated with P. putida F1 at a concentration of 10 8 cells/g of soil and incubated at 26°C with shaking at 225 rpm overnight. To induce cells, toluene was added in the saturated vapor phase. Subsequently, uninoculated microcosms were prepared by using the same aquifer soil. Tengram portions of soil were incubated in 25% YEPG medium for 4 h in shake flasks with and without toluene. After 4 h slurry samples were simultaneously processed to determine the total RNA content and to enumerate the culturable organisms as described previously (11) . Colony lifts and hybridizations were also performed on the plates as previously described (11) , and the plates were probed with a PCR-generated todC1 fragment.
RNA extraction from soil microcosms. Ten milliliters of a soil slurry was added to an extraction solution consisting of 5 ml of extraction buffer (100 mM C 4 H 11 NO 3 [Tris]-HCl, 1.4 M NaCl, 20 mM EDTA, 1% sodium dodecyl sulfate), 5 ml of phenol (pH 8.0; equilibrated with Tris), and 5 ml of chloroform prewarmed to 60°C. The soil solution, in baked 25-ml Corex centrifuge tubes, was incubated at 60°C for 5 min and then shaken by mechanical action with a wrist action shaker for 5 min. The tubes were then centrifuged for 15 min at 12,096 ϫ g at 4°C, and the supernatants were extracted with 10 ml of chloroform. Five microliters of linear acrylamide (Ambion, Austin, Tex.) was added as a coprecipitant, 15 ml of isopropanol was added, and the tubes were stored overnight at Ϫ20°C. The following day the tubes were centrifuged at 12,096 ϫ g for 15 min, and each pellet was resuspended in 20 l of diethylpyrocarbonate (DEPC)-treated water. The soil-derived RNA solution was then treated with DNase, extracted with phenol-chloroform, and precipitated with ethanol. The concentration of total RNA extracted from soil was estimated on the basis of absorbance at 260 nm (A 260 ) and A 280 .
A PCR-constructed nahA template linked to a T7 promoter was used to transcribe a labeled nahA RNA probe (11) by the manufacturer's protocols (MEGAscript kit; Ambion). After precipitation, the RNA probe was dissolved in 100 l of DEPC-treated water, and 1 l of the RNA preparation was counted by scintillation counting; 160,000 cpm of the labeled RNA solution was added to the soil sample as an internal standard to estimate the RNA recovery rate.
Preparation of radiolabeled gene probes. Gene probes were prepared by random primer extension (9) by using the manufacturer's protocol (Random Primer labeling kit; Stratagene, La Jolla, Calif.) or by PCR (22, 27) . After PCR amplification, the probes were denatured by boiling for 10 min and chilled on ice before they were added to prehybridized filters.
Time course analysis of tod gene induction. A single colony of P. putida F1 was used to inoculate 50 ml of YEPG broth in a 250-ml flask, which was incubated overnight at 26°C on a rotary shaker at 225 rpm. The culture was harvested by centrifugation, washed three times with phosphate-buffered saline, resuspended in 500 ml of MSB medium saturated with toluene vapor, and incubated at 26°C on a rotary shaker at 225 rpm. Samples (50 ml) of the resuspended culture were taken at zero time and after 1, 3, 6, 9, and 24 h. The cells were collected by centrifugation at 1,935 ϫ g and were processed for RNA isolation by using RNeasy columns.
RNA-DNA hybridization. Hybridization was performed by using the method of Church and Gilbert (8) . Blots were placed in plastic bags, laid on X-ray film (Kodak Biomax MR; Eastman Kodak, Rochester, N.Y.) with intensifying screens at Ϫ80°C, and developed after 18 to 48 h.
Quantitative assays for tod and nah mRNA induction. P. putida F1 cultures were grown overnight with shaking at 26°C; uninduced cells were grown in 50 ml of YEPG medium, and induced cells were grown in 50 ml of MSB medium in 250-ml flasks with toluene vapor. Cells were harvested at the mid-log phase (optical density at 600 nm, ϳ0.6), and RNA was isolated with RNeasy columns and slot blotted onto nylon membranes as described above; 10-, 3-, 1-, 0.3-, 0.1-, 0.03-, and 0.01-ng portions of todC1 DNA were also blotted onto the same membrane as standards. The membrane was hybridized with a todC1 32 P-labeled probe, washed, and applied to film, and transcripts were quantified by using a photoimager (model Visage 110; Kodak). Similarly, B. cepacia JS150 was grown in 50 ml of YEPSS medium, and the total RNA was extracted and blotted onto nylon membranes along with nahA DNA standards. The blots were processed as described above and were probed with a 32 P-labeled nahA probe. Optimization of DD with tod-specific primers. Using toluene-induced P. putida F1 RNA as a model system, we varied several parameters in parallel by using a set of specific tod primers to allow optimization of the following DD reaction conditions: (i) template concentration ( The PCR was performed with thermal cyclers (models 480 and 2400; PerkinElmer); nucleotides labeled with 32 P (ICN, Costa Mesa, Calif.) or 33 P (Andotek, Irvine, Calif.) were included for visualization by autoradiography. The final amounts and concentrations of components in the 27-l reaction mixtures were as follows: Taq polymerase (BRL), 0.3 U; each dNTP, 20 M; dimethyl sulfoxide, 6%; each primer, 2 M; labeled nucleotide, 0.25 l; 10% Triton X-100, 0.1%; and 1ϫ PCR buffer (1.5 mM MgCl 2 ; Perkin-Elmer). Following addition of 3 l of the RT reaction mixture, the solution was subjected to 40 cycles consisting of 94°C for 30 s (denaturing), 40°C for 2 min (annealing), and 72°C for 1 min (extension) (for the model 480 thermal cycler) or 94°C for 15 s, 40°C for 30 s, and 72°C for 60 s (for the model 2400 thermal cycler), followed by a 10-min final extension step at 72°C.
The PCR products were electrophoresed on 4.5% denaturing acrylamide gels (340 m by 61 cm by 33 cm; Genomyx, Foster City, Calif.) in side-by-side fashion. Four-microliter portions of the RT-PCR mixtures were loaded onto the sequencing gels along with 4 l of denaturing loading dye (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol FF) after the mixtures were boiled in a water bath for 2 min. Each gel was electrophoresed with a sequencing apparatus (model LR; Genomyx) for 2 h at 2,700 V. The gel was then dried directly on the glass by three cycles of sequential washing (2 min) in water and drying (15 min) to dissolve the urea. The dried gel was then exposed to X-ray film (Biomax MR; Kodak) at room temperature for 18 to 48 h. DD analysis of toluene-induced RNA with arbitrary primers. After optimization with specific primers, an attempt was made to detect tod transcription after the preparation was first enriched for tod cDNA by performing an RT reaction with a tod-specific primer. This enrichment step was followed by a PCR performed with arbitrary primers. Following this intermediate experiment, an attempt was made to detect tod transcription by using arbitrary primers and/or primer SD14 for both the RT and PCR steps. Primers 70.3, 80.02, and 80.05 were randomly selected, and the DD analysis was performed by using the same P. putida toluene-induced RNA under the same conditions as those used with the tod-specific primers.
DD analysis of salicylate-induced RNA with arbitrary primers. Salicylateinduced and uninduced B. cepacia JS150 RNA were used for a series of reactions. In this analysis arbitrary primers 60.1, 60.5, 60.3, 60.4, 60.8, and 80.7 were used separately for the RT reaction, and primer SD14 was used in conjunction with the same arbitrary primers for the PCR.
DD analysis of toluene-induced uninoculated soil microcosm RNA. Tolueneinduced and uninduced RNA extracted from uninoculated soil microcosms were used for a DD analysis in which primer 70.3 was used for the RT reaction and primer SD14 was used in conjunction with primer 70.3 for the PCR. The conditions used for both the RT and PCR steps were identical to those described above, except that the amount of microcosm total RNA used for the RT reaction was 100 ng.
Elution of DD bands and PCR reamplification. Differential cDNA bands were detected by a side-by-side comparison of induced of uninduced PCR products on an autoradiogram. Gel bands were localized by overlaying a dried gel with film and were eluted as previously described (18) . The excised fragments were reamplified by using the conditions used for the first PCR, except that the final concentration of each dNTP was 200 M. The reamplification products were gel purified by electrophoresis in 1% low-melting-point agarose, and products with the same molecular weights as the original DD products were phenol-chloroform extracted and ethanol precipitated.
Cloning of DD-derived PCR products. Cloning was performed with a TA cloning kit (Invitrogen, San Diego, Calif.) by following the manufacturer's pro-tocols. Plasmid DNA was prepared by either the boiling method (15) or the alkali lysis method (23) . Following isolation the crude DNA was treated with RNase, extracted twice with phenol-chloroform (1:1), precipitated, and washed with 70% ethanol. The presence of inserts was checked by electrophoresis into 1% lowmelting-point agarose after restriction with EcoRI. The inserted cDNA bands were excised, eluted, and used as a template for probing. Each clone was given a designation based on the arbitrary primer used and the apparent molecular weight of the fragment on DD gels.
Verification of differential gene expression. Initially, gel-purified reamplification products were labeled by the random primer extension method by using the protocol of the manufacturer (Stratagene) and were used to probe RNA slot blots prepared with induced and uninduced samples. This initial screening process was later eliminated. Subsequently, reamplification products were cloned into the pCRII vector (Invitrogen), and EcoRI-restricted plasmid DNA was labeled by the random primer method and used as a probe in hybridizations with slot blots prepared with induced and uninduced samples obtained from RNA derived from pure cultures and inoculated microcosms.
Sequencing and data search. Sequences were determined with an automated apparatus (model 373a; Applied Biosystems) at the University of Tennessee Molecular Biology Resource Facility, and the sequences obtained were compared with GenBank sequences by using the BLAST algorithm (3). Prior to computer analysis the automated readout was visually inspected for deletions. Both the BLASTN and BLASTX functions were used.
Nucleotide sequence accession number. The nucleotide sequence of clone 60.3-380 has been deposited in the GenBank database under accession no. AF001828.
RESULTS
Quantitation of tod and nah transcription. Toluene-induced tod gene expression in P. putida F1 was detected after 3 h, and maximal induction occurred at 24 h (data not shown). tod transcripts were not detected in the uninduced sample. By comparison with known amounts of tod DNA, the amount of tod RNA was determined to be 0.04 ng/g of total RNA (Fig.  1A) . The number of tod transcripts was estimated by (i) calculating the number of moles of tod RNA by dividing the mass (in grams) by the molecular mass of the tod standard (940 bases; 330 Da/base) and (ii) multiplying the number of moles of tod RNA by Avogadro's number (6.022 ϫ 10 23 ). On this basis the number of tod transcripts was estimated to be 8 ϫ 10 7 transcripts/g of total RNA. By comparison with known amounts of nahA DNA, the amount of nahA-like transcripts from B. cepacia JS150 was determined to be 0.05 ng (Fig. 1B) . The number of nahA transcripts was estimated to be 9 ϫ 10 7 transcripts/g of total RNA by using 1,030 bases as the length of the nahA standard.
Optimizing prokaryotic DD analysis by using specific primers. (i) Optimization conditions. In the electrophoretic gel analysis in which the Genomyx model LR apparatus was used, the average number of amplification products represented by visible bands was more than 70 products per lane, and the lengths ranged from 100 bp to 2 kbp. After the initial optimization, electrophoresis of the RT-PCR products from P. putida F1 RNA was successful and resulted in a todC1 fragment of the expected size that was detected only in induced samples. When a series of decreasing RNA template concentrations were used, the todC1 fragment could still be detected when the amount of total RNA was 0.015 ng, and there was only a slight decrease in intensity under these conditions (Fig. 2A) . The lower template concentration also decreased the total number of visible bands per lane. When a primer concentration of 0.2 M was used, the magnesium concentration did not appear to be critical, so a concentration of 1.5 mM was used (Fig. 2B) . The effect of changing the dNTP concentration was considerable (Fig. 3A) ; at concentrations greater than 1 mM, the band number and intensity dramatically decreased (data not shown). The optimal primer concentration was found to be 0.2 M (Fig. 3B) ; at concentrations greater than 20 M, mispriming increased greatly (data not shown). When the primer concentration was lower than 0.02 M, band intensity also dramatically decreased (Fig. 3B) . Only a slight change in the band pattern was observed when the annealing temperature was increased from 30 to 50°C (Fig. 4A ). Primer length also had a great influence on the fingerprint band patterns (Fig. 4B) ; more bands per lane were obtained with longer primers.
(ii) Verification of differential expression. In the optimization experiment performed with tod-specific primers, toluene induction of P. putida F1 yielded a differentially expressed band at 410 Da (Fig. 5, lane 2) . This band was excised from the gel, reamplified, cloned, and designated clone tod410. We verified that this clone was differentially expressed by RNA slot blotting (Fig. 6A) . After sequencing and a GenBank search, this clone was found to be 100% homologous to todC1 flanking bases 1172 to 1553.
DD analysis with arbitrary primers. (i) Toluene induction and verification. When a specific tod primer was used for the RT step and arbitrary primer 70.3 was used for the PCR step, a differentially expressed band at 170 Da was excised (Fig. 5,  lane 4) , reamplified, and cloned, and this band was designated clone 70.3-170. We verified that this clone was differentially expressed by RNA slot blotting (Fig. 6B) , and it was found to flank bases 1035 to 1203 of todC1. Clone 70.3-350 obtained in this experiment was determined to be a ribosomal subunit and was used as an indicator of equal loading on the slot blot (Fig.  6C ).
Compared to the RNA fingerprints generated with specific primers, more bands per lane were observed when single arbitrary primers were used. Seven differential bands were detected on the DD gel when the SD primer and arbitrary primer 70.3 were used (Fig. 7, lane 3) , and we verified that one of the bands was differentially expressed by using the reamplified PCR product to probe RNA slot blots. Sequence analysis revealed that this differentially expressed PCR fragment was an overlapping but nonidentical toluene dioxygenase fragment 5Ј to the todC1 gene extending into the todC2 region.
(ii) Salicylate induction and verification. The RNA fingerprints obtained with salicylate-induced and uninduced B. cepacia JS150 cells did not result in differential bands when primers 60.1, 60.5, 60.8, and 80.7 were used, but primers 60.3 and 60.4 yielded several differential bands (Fig. 8) . Cloning and sequencing of reamplified clone 60.3-380 (Fig. 8, lane 3) revealed that it exhibited 90% homology with a Pseudomonas reductase (ntdAc) gene and 81% homology with the naphthalene dioxygenase (nahAc) gene. We verified that clone 60.3-380 was differentially expressed by RNA slot blotting (Fig. 9A) . Probing slot blots with clone 60.3-325 revealed that this clone was a ribosomal subunit, and this clone was used as an indicator of equal slot blot loading (Fig. 9B) .
DD analysis of soil microcosm-derived RNA. (i) Inoculated microcosms. The RNA fingerprints obtained with pure-culture and inoculated soil microcosms were virtually identical (Fig. 10) . However, the todC1 band was fainter in the soil sample than in the pure-culture sample (Fig. 10, lane 5) . The recovery of the 32 P-labeled internal standard RNA from the soil was approximately 75% when the protocol described above was used. The results of mass determinations for soil-derived total RNA obtained by hybridization of 32 P-labeled universal rRNA oligonucleotides agreed with the results of determinations based on A 260 values (data not shown). Extraction of uninoculated soil microcosms yielded 9.8 and 9.4 g of total RNA from toluene-induced and uninduced soils, respectively. Because of the low RNA yield, the RNA integrity was not checked by visualization on denaturing gels. DD experiments performed with RNA derived from the uninoculated microcosm yielded several differential bands (Fig. 11) . When these bands were cloned and sequenced, clone 70.3-400 was found to be both unique and differentially expressed, as determined by RNA slot blotting (Fig. 12) . Probing slot blots with clone 70.3-325 (Fig. 11 ) revealed that this clone was a ribosomal subunit that could be used as an indicator of equal slot blot loading (Fig. 12) .
DISCUSSION
Optimization of the DD technique for prokaryotic RNA. The DD technique involves several steps, including (i) isolation of intact RNA from organisms, (ii) reverse transcription of total RNA with either an arbitrary primer or an oligo(dT) primer (for eukaryotic systems) to generate cDNA, (iii) PCR amplification with an arbitrary primer or an arbitrary primer paired with an oligo(dT) primer (for eukaryotic systems) to amplify the cDNA, (iv) separation and detection of the differential PCR products on sequencing gels, (v) reamplification and cloning of the differential PCR products, (vi) verification of the differential expression of the isolated gene fragment by Northern blotting, RNA slot blotting, RNase protection assay, or RT-PCR; and (vii) comparison of sequences with known sequences in gene sequence databases.
Our initial attempts in which we used a previously described prokaryotic RAP-PCR protocol (32) yielded only rRNA fragments from the putative DD bands (data not shown). Therefore, parameters such as annealing temperature, primer size and concentration, magnesium and nucleotide concentrations, and RNA template concentration were empirically examined to optimize the procedure for application to RNA derived from both prokaryotic pure cultures and soil communities.
Even when specific primers were used to specifically amplify the todC1 gene, approximately 70 other distinct bands, many probably ribosomal in origin, were also amplified. Since the primers were designed in such a way that specific annealing of the P. putida rRNA to the 3Ј end of the primer was diminished, the observed amplification of rRNA was presumably due to mispriming of mismatched primer-template duplexes. Theoretically, the annealing temperature influences the DD results; the higher the annealing temperature, the smaller the number of mispriming events. However, our data show that the annealing temperature did not have much influence on the total number of bands generated or the band patterns. When the annealing temperature was increased from 30 to 50°C, only a slight band pattern change was observed (Fig. 4A) . This finding may be explained by the fact that the PCR enhancers Triton X-100 and dimethyl sulfoxide were added to the PCR mixture, which reportedly increases PCR efficiency and specificity (22) . Alternatively, it may be attributed to the template or the primer used (20) .
Primer length also had a great influence on the fingerprint band patterns. Compared to fingerprints generated with 10-base primers, more bands per lane were obtained when 13-base primers were used (Fig. 4B) . This was most probably due to increased mispriming with the longer primers. After the initial optimization work, the best results were obtained with an arbitrary 10-base primer for the RT step and primer SD14 in conjunction with the same arbitrary primer for the PCR.
Primer concentration also had a great influence on the band pattern. The best primer concentration was determined to be in the range from 0.2 to 2 M. At concentrations greater than 2 M, nonspecific priming increased (data not shown); at concentrations less than 0.2 M band intensity and complexity decreased. Nucleotide concentrations were also critical for good fingerprints. At concentrations greater than 20 M, the rate of incorporation of the radiolabeled dNTP was low, resulting in a lower band intensity; at concentrations less than 2 M, bands were barely visible, most probably due to depletion of dNTPs (Fig. 3A, lane 5) .
Once parameters were optimized by using specific tod primers, the procedure was modified for application to unknown sequences by using an arbitrary primer for the RT step and a primer for the SD region in conjunction with the same arbitrary primer for the PCR step. In contrast to a recent report which described the design of 3Ј and 5Ј DD primers for a particular bacterial family (10) , the use of an SD primer in this study was intended to prime the 5Ј regions of a wider range of prokaryotes. The primer used in this study included the ATG start codon at the 3Ј end along with additional 5Ј bases derived from a comparison of Pseudomonas and Escherichia coli SD regions. While the use of a 5Ј SD primer generally biases amplification toward mRNA sequences in a pool of prokaryotic RNA sequences, such a primer may ignore messages that do not have SD regions. For organisms without SD regions, the use of arbitrary primers may be preferable.
Message abundance and the arbitrary primer set. There is some debate concerning the sensitivity of the DD technique to rare mRNAs, and no data related to prokaryotic RNA has been published previously. While it is estimated that a typical mammalian cell has 360,000 mRNA molecules per cell and 20,000 to 30,000 different mRNA species whose copy numbers range from 15 to 12,000 depending on the species (2), prokaryotes are estimated to have only 1,380 mRNA molecules showed that when the standard DD protocol was used, mRNA that accounted for less than 1.2% of the total mRNA (the mean percentage for the most prominent class of mammalian RNA) was not detected by this technique (5) . At levels lower than this, even a perfectly matched primer failed to detect the mRNA template in a heterologous total RNA background. In contrast to these findings, Wan et al., using cultured HeLa cells, observed levels of DD sensitivity as low as 0.0005% of the total mRNA (31) . In the present work, we demonstrated that prokaryotic catabolic mRNAs, as represented by the tod and nah messages in pure culture after induction, accounted for 0.08 and 0.09%, respectively, of the total mRNA and thus might be considered intermediate-level mRNAs. The limit of detection for the DD technique when a specific tod 13-base primer was used was 0.015 ng of total RNA, which corresponds to 10 3 transcripts. Because the complexity of prokaryotic mRNAs is much less than the complexity of eukaryotic mRNAs, it should theoretically be easier to obtain rare transcripts from prokaryotes by the DD technique.
For the DD technique to have practical value for screening environmental samples, a limited set of primers would ideally allow detection of prominent differentially expressed transcripts. The logic of the approach developed here was that, once DD conditions were optimized by using specific primers for abundant messages, the same conditions should permit detection of the same message or other abundant messages with arbitrary primers alone. Since 10-base primers appear to function like 6-or 7-base primers and there are approximately 10,000 possible 6-or 7-base oligonucleotides (18) , the chance of finding any one sequence in 1,500 bp (the maximum length of fragment separable on a Genomyx LR sequencing gel) is 0.15. On this basis and considering the abundance issue, theoretically it should take approximately seven primers to cover all abundantly expressed mRNAs. This hypothesis is supported by the fact that both the tod and nah messages were detected with a small set of arbitrary primers alone. It is reasonable to assume that the catabolic mRNAs of other microbes which use organic compounds as energy sources are also abundantly expressed. Therefore, the DD procedure may be well-suited for detection of microbial genes responsible for the degradation of organic compounds.
DD analysis of soil microcosm RNA. The results of the inoculated-soil RNA extraction experiment demonstrated the feasibility of using the DD technique to study gene expression in soil systems (Fig. 10) . The RNA extraction procedure yielded samples that were visually clean and had A 260 /A 280 ratios on the order of Ͼ1.8. The soil-derived RNA apparently did not contain contaminants that prevented primer annealing or the enzymatic processes in DD; the RNA fingerprints of inoculated soil microcosms were virtually identical to those of pure cultures. However, based on the intensity of the tod fragment on DD gels (Fig. 10) , the efficiency of amplification of soilderived RNA appears to be less than the efficiency of amplification predicted on the basis of the efficiency of RNA extraction. This may be due to PCR inhibitors in the soil-derived sample. An alternative explanation is that the tod message was partially degraded during the soil isolation procedure. Nevertheless, the reproducibility of RNA fingerprints obtained with soil-derived RNA was demonstrated by the results of the uninoculated soil microcosm experiment. The RNA fingerprints obtained from triplicate reactions by using the same RNA sample obtained from uninoculated soil microcosms were nearly identical (Fig. 11) . Of the several problems encountered with the DD procedure, the occurrence of false positives is the most vexing (7, 19, 33) . In agreement with results describing the application of the DD technique to eukaryotic systems, the percentage of false positives obtained in this study was high. It is the consensus of the research community that less than one-half of the putative differentially expressed PCR products excised from gels are truly differentially expressed (1, 17, 29) . Subsequent to the optimization experiments, in which an arbitrary primer was used to display toluene-induced RNA from P. putida F1, seven differential bands were eluted; after cloning, only one band showed differential expression. Similarly, in the uninoculated soil microcosm experiment, only 1 of 12 putative differentially expressed clones that were screened for differential expression was confirmed to be differentially expressed by RNA slot blotting. The high percentage of false positives obtained in this study may be due in part to the lack of sensitivity of RNA slot blots for detecting low-abundance messages. A more sensitive detection method, such as RT-PCR, may increase the number of verified differentially expressed clones. The use of a lower RNA template concentration (100 ng) in the soil microcosm experiments compared to the preferable higher concentration (200 ng) used in the pure-culture experiments may also partially account for the lower percentage of verified differentially expressed gene fragments in the soil microcosm experiment.
Because of the temperature and length of storage, the soils used for microcosm studies were relatively inactive; this may, in turn, explain the low RNA yield. This problem could be overcome by increasing the scale of the isolation procedure and using fresh soil for microcosm experiments. Another solution would be to increase the population by culturing the cells for a longer period of time. In our experiments the induction period was kept to a minimum in an attempt to discern true induction effects from changes in population due to growth of the members able to utilize toluene as a carbon source. Based on the enumeration data, there was no significant difference between the uninduced and toluene-induced microcosms when either heterotrophic or cultured todC1 populations were examined.
The sequence of the clone obtained from the uninoculated microcosm exhibited little similarity to GenBank sequences. This may not be an anomaly considering that the vast majority of organisms in the environment have not been characterized (4) . Attribution of a function to this sequence will require isolation of the full-length gene from a soil-derived DNA library, followed by functional studies performed in transgenic hosts. Despite the shortcomings of the DD technique, it potentially offers a powerful approach for studying gene expression in the environment without prior culturing of cells or knowledge of sequences.
